SSV-type integrases, encoded by fuselloviruses which infect the hyperthermophilic archaea of the Sulfolobales, are archaeal members of the tyrosine recombinase family. These integrases catalyze viral integration into and excision from a specific site on the host genome. In the present study, we have established an in vitro integration/excision assay for SSV2 integrase (Int SSV2 ). Int SSV2 alone was able to catalyze both integration and excision reactions in vitro. A 27-bp specific DNA sequence is minimally required for the activity of the enzyme, and its flanking sequences influence the efficiency of integration by the enzyme in a sequence-nonspecific manner. The enzyme forms a tetramer through interactions in the N-terminal part (residues 1 to 80), interacts nonspecifically with DNA and performs chemical catalysis in the C-terminal part (residues 165 to 328), and appears to recognize and bind the specific site of recombination in the middle portion (residues 81 to 164). It is worth noting that an N-terminally truncated mutant of Int SSV2 (residues 81 to 328), which corresponded to the putative product of the 3=-end sequence of the Int SSV2 gene of the integrated SSV2 genome, was unable to form tetramers but possessed all the catalytic properties of full-length Int SSV2 except for the slightly reduced recombination activity. Our results suggest that, unlike integrase, SSV-type integrases alone are capable of catalyzing viral DNA recombination with the host genome in a simple and reversible fashion.
T
yrosine recombinases (i.e., members of the integrase family), named after the nucleophile tyrosine residue in the enzymes that forms a transient 3=-phosphotyrosine covalent linkage to the DNA substrate in the reaction intermediate, are widespread in all three domains of life (1, 2) . They catalyze recombination reactions in many important biological processes in both prokaryotes and eukaryotes, such as integration and excision of a phage genome into and out of the host genome ( Int and HP1 Int), maintenance of plasmid copy number (Flp), resolution of replicon dimers into monomers (Cre and XerC/D), transposition (Tn916/Tn1545 Int), activation or suppression of gene expression (FimB, FimE, XisA, and XisC), generation of genetic diversity (Rci), as well as mobilization of gene cassettes of integrons (IntI) (1) (2) (3) .
Genetic, biochemical, and structural studies have provided a wealth of molecular details on tyrosine recombinases of both bacterial and eukaryal origins. Site-specific recombination catalyzed by a tyrosine recombinase generally proceeds as follows (1, (4) (5) (6) . The enzyme binds to DNA at the specific site of recombination, forming a synaptic complex comprising tetrameric recombinase bound to two recombining DNA molecules. The active-site Tyr of the enzyme initiates a nucleophilic attack on the phosphodiester bond of the DNA backbone, catalyzing a variety of sequence-specific DNA rearrangements through two rounds of pairwise cleavage, exchange and rejoining of single strands in the context of the synaptic complex, and producing a Holliday junction intermediate. The synaptic complex is then dissolved, releasing recombination products from the recombinase. The simplest sites of recombination for tyrosine recombinases, such as Cre-loxP, Flp-frt, and XerC/D-dif sites, are core-type recombination sites of ϳ30 bp, which contain a central region flanked with a pair of inverted repeats. The central region, where strand cleavage and exchange occur, is 6 to 8 bp long and known as the overlap region. The repeating sequences flanking the central region, known as corebinding sequences, are sites of binding by a pair of recombinase dimers or monomers. More complex sites of recombination con-tain, in addition to the above-mentioned sequences, hundreds of base pairs of accessory sequences, in which additional binding sites for recombinase as well as accessory proteins reside, as found in the Int and XerC/D systems (1, 4) . The majority of tyrosine recombinases possess two structural domains, while Int has three domains (1, 3) . The C-terminal catalytic domain of recombinases, which interacts with the core-binding sequences (1, 3, 4) , resembles that of topoisomerase IB in structure and active-site residues, suggesting that these enzymes use similar catalytic mechanisms and are evolutionarily related (7) . On the other hand, the N-terminal domain of tyrosine recombinases, conserved neither in structure nor in amino acid sequence, also interacts with the core-binding sequences of the recombination site (1, 3, 4) .
Much less is known about tyrosine recombinases in Archaea. An integrase encoded by the fusellovirus SSV1, isolated from the hyperthermophilic crenarchaeon Sulfolobus shibatae, is the prototype of SSV-type integrases and the first archaeal member of the tyrosine recombinase family that has been biochemically characterized (2, (8) (9) (10) . Integrases encoded by many known archaeal viruses and some archaeal plasmids are of the SSV type (11) . SSVtype integrases catalyze site-specific integration of the viral DNA into a tRNA gene in the host chromosome by using viral and chromosomal attachment sites, i.e., attP and attA (also denoted attB), respectively, and the excision of the integrated provirus by using the prophage attachment sites attL and attR. The attP site is located in the integrase gene proximal to the 5= end (9, 10, 12) . Therefore, the SSV-type integrase gene is split upon viral integration into two fragments, termed int(N) and int(C), found at the boundaries of the integrated viral genome (9) . This partition feature is unique to archaeal SSV-type integrases (10, 13) . For SSV1 integrase (Int SSV1 ), all the attachment sites share a 44-bp invariant sequence. This 44-bp sequence comprises the downstream half of the tRNA Arg gene, the site of integration, and flanks the provirus as direct repeats (14) . Consequently, the integration of the SSV1 DNA into the host genome does not result in the disruption of the target tRNA Arg gene. SSV1 lacking the Int SSV1 gene is capable of completing the infection cycle but is unable to integrate into the host genome (15) . It was reported previously that Int SSV1 catalyzed both integration and excision reactions in vitro, and no additional accessory proteins were apparently required for the excision reaction compared to those for the integration reaction (8, 16) . Furthermore, the 44-bp invariant sequence was found to be sufficient to support recombination, although the efficiency of recombination was affected by the flanking sequences (8) . An 18-bp sequence within the att site was identified as the binding site for Int SSV1 (16) . For unknown reasons, however, the in vitro recombination assays for Int SSV1 have not been successfully established in other laboratories (17, 18) . Therefore, subsequent biochemical studies have been mostly targeting steps during the cycle of Int SSV1 -catalyzed recombination, such as substrate binding and strand cleavage. In their studies on strand cleavage by Int SSV1 , Serre et al. showed that Int SSV1 was able to cleave a 19-bp duplex DNA containing the above-mentioned 18-bp sequence, generating a nick on each of the two DNA strands in vitro. The two points of cleavage were offset by a stretch of 7 bp, referred to as the overlap region, which corresponds perfectly to the anticodon loop of the target tRNA gene (18) . The overlap region is flanked by a pair of 10-bp imperfect inverted repeating sequences, and the DNA stretch including all these sequences is proposed to be the minimum substrate for recombination by Int SSV1 (18) . Those researchers found that Int SSV1 employed a cleavage mechanism utilizing the active-site residue Tyr 314 and formed a 3=-phosphoprotein intermediate during the cleavage reaction, as found with bacterial and eukaryal tyrosine recombinases (18) . Like Int, Int SSV1 also exhibited type IB topoisomerase activity (17) . Recently, the crystal structure of the C-terminal catalytic domain of Int SSV1 was resolved (19, 20) . The structure reveals a core fold similar to those of tyrosine recombinases of both bacterial and eukaryal origins, pointing to the conservation of these enzymes among the three domains of life.
The lack of an efficient in vitro assay for integration and excision by SSV-type integrases has hindered the biochemical analysis of these complex biological processes. In this study, we have successfully set up an in vitro assay for the recombination reactions catalyzed by SSV2 integrase (Int SSV2 ), a well-studied member of the SSV-type integrase family. Fusellovirus SSV2, isolated from Sulfolobus islandicus REY15/4, bears significant resemblance to SSV1 in both virion morphology and genome organization (21, 22) . Int SSV2 (328 residues) shares 34% identity at the amino acid sequence level with Int SSV1 (335 residues) (21) . Integration of SSV2 occurs site specifically at a tRNA Gly gene in the host genome (23) . Taking advantage of the availability of the in vitro assay, we have investigated integration and excision reactions catalyzed by Int SSV2 , the substrate requirement, and modular organization and functions of the enzyme. Our results show that a simple recombination system is employed by fuselloviruses for site-specific recombination.
MATERIALS AND METHODS

Recombinant proteins.
To overproduce the full-length and truncated SSV2 integrase proteins, denoted wild-type Int SSV2 (GenBank accession number NP_944456.1), N80 (amino acid residues 1 to 80), C81 (residues 81 to 328), N164 (residues 1 to 164), and C165 (residues 165 to 328), PCRs were performed with specific primer pairs (Table 1) , using the SSV2 DNA as the template. PCR fragments were digested and inserted into pET30a(ϩ) (Novagen) between the NdeI and XhoI sites. The sequences of all inserts were verified by DNA sequencing. Recombinant proteins were overproduced in Escherichia coli BL21(DE3) (Novagen) and purified as described previously (20) , except for the purification of N80. For N80, following the (NH 4 ) 2 SO 4 precipitation step, the pellet was resuspended in and dialyzed against a solution containing 20 mM Tris-HCl (pH 6.8), 1 mM dithiothreitol (DTT), 0.1 mM EDTA, and 10% (wt/vol) glycerol. The dialyzed sample was applied onto an equilibrated HiTrap SP column (5 ml; GE) and eluted with a 0 to 1 M NaCl linear gradient in the same buffer. All the recombinant proteins contained no tags. Purified proteins were dialyzed against a solution containing 20 mM Tris-HCl (pH 7.5), 1 mM DTT, 0.1 mM EDTA, 0.3 M NaCl, and 10% (wt/vol) glycerol; aliquoted; and stored at Ϫ70°C. Protein concentrations were determined by the Lowry method with bovine serum albumin (BSA) as the standard (26) .
Gel filtration. Protein samples (100 l at 33 M) were loaded onto a Superdex 200 column (10/300 GL; GE) equilibrated in a solution containing 20 mM Tris-HCl (pH 7.5), 1 mM DTT, 0.1 mM EDTA, 0.3 M NaCl, and 10% (wt/vol) glycerol and run at 0.5 ml/min at 10°C on an Äkta fast protein liquid chromatography (FPLC) system (GE). The column was calibrated with gel filtration calibration kits (low molecular weight [LMW] and high molecular weight [HMW]; GE) and alcohol dehydrogenase (150 kDa).
DNA fragments containing an attachment site. Long DNA fragments (hundreds of base pairs in size) containing an attachment site were prepared by PCR. An attA-containing fragment was made by PCR with a specific primer pair (Fig. 1A and Table 1 ), using the genomic DNA from Sulfolobus solfataricus P2 as the template (23) . A fragment containing attP, attL, or attR was made similarly by using total DNA isolated from SSV2-infected S. solfataricus P2 cells as the template (Fig. 1A ; see also Table 1 for primer sequences). The PCR fragments were purified by using the QIAquick gel extraction kit (Qiagen) and inserted into plasmid pGEM-T (Promega). The sequences of the inserts were verified by DNA sequencing. These plasmids were used as the templates for the preparation of att site-containing fragments in subsequent PCRs (see Table 1 for primer sequences). To radiolabel these att fragments, one of the primers for a PCR was first labeled at the 5= end with [␥-32 P]ATP by using T4 polynucleotide kinase. PCRs were then carried out on an att site-containing pGEM-T plasmid by using the radiolabeled primer and a corresponding unlabeled primer with Ex Taq HotStart DNA polymerase (TaKaRa). The PCR fragments were purified by using the QIAquick PCR purification kit (Qiagen).
Short DNA fragments (dozens of base pairs in size) were prepared by annealing a 32 P-labeled or unlabeled att site-containing oligonucleotide with its complementary strand (see Fig. 3 for oligonucleotide sequences).
Integration/excision assays. Integration/excision assays were performed as described in the legend of Fig. 1A . The standard integration/ excision reaction mixture (20 l) contained a 32 P-labeled att fragment (6 nM), an unlabeled att fragment (i.e., the recombination partner of the labeled att fragment) (12 nM), and integrase (16 M) in a solution containing 50 mM Bis-Tris-HCl (pH 6.7), 150 mM NaCl, 50 g/ml BSA, and 3% (wt/vol) glycerol. Following incubation for 4 h at 65°C, the sample was treated with SDS (1%) and proteinase K (1 mg/ml) for 1 h at 50°C and extracted with phenol-chloroform-isoamyl alcohol (25:24:1). An aliquot (17 l) of the sample was mixed with 80% glycerol (3 l) containing 0.04% bromophenol blue and 0.04% xylene cyanol FF and subjected to electrophoresis in either a 1.5% agarose gel at 5 V/cm in 1ϫ Tris-acetate-EDTA (TAE) or a 3.5% nondenaturing polyacrylamide gel, which had been prerun for 1 h, at 11 V/cm in 0.5ϫ Tris-borate-EDTA (TBE). The gel was dried, exposed to X-ray film, and analyzed by using an ImageQuant Storm PhosphorImager (Amersham Biosciences).
Electrophoretic mobility shift assays. The standard electrophoretic mobility shift assay (EMSA) reaction mixtures (20 l) contained 2 nM A58 (an attA fragment) ( Table 1) labeled at the 5= end of the top strand and the indicated amount of wild-type or truncated Int SSV2 in a solution containing 20 mM Bis-Tris-HCl (pH 6.7), 50 g/ml BSA, 0 to 150 mM NaCl, 1 mM EDTA, and 6% (wt/vol) glycerol. For competitive EMSAs, unlabeled A58 or poly(dI-dC) 2 was added as indicated. After incubation for 10 min at 23°C, the reaction mixtures were loaded onto a 5% nondenaturing polyacrylamide gel, which had been prerun to a constant current, and electrophoresis was performed in 0.1ϫ TBE buffer for 3 h at 10 V/cm. The gel was dried, exposed to X-ray film, and analyzed by using a PhosphorImager (Amersham Biosciences).
DNA topoisomerase activity assays. DNA of negatively supercoiled plasmid pBR322 (0.6 g; Thermo Fisher Scientific) was incubated for 4 h at 65°C with the indicated amount of wild-type or truncated Int SSV2 in a solution containing 50 mM Bis-Tris-HCl (pH 6.7), 50 g/ml BSA, 5 mM EDTA, and 150 mM NaCl in a total volume of 20 l. After incubation, samples were treated with SDS (1%) and proteinase K (1 mg/ml) for 1 h at 50°C and mixed with a 1/10 volume of loading buffer (1% SDS, 50% glycerol, 0.05% bromphenol blue, and 0.05% xylene cyanol FF). An aliquot of each sample (containing 0.3 g pBR322) was loaded onto a 1.2% agarose gel, and electrophoresis was performed in 1ϫ TAE buffer for 3.5 h at 3 V/cm. DNA was visualized by staining with ethidium bromide. As a positive control, plasmid pBR322 was incubated for 30 min at 37°C with calf thymus topoisomerase I (10 U; TaKaRa), and the sample was treated as described above.
RESULTS
Int
SSV2 catalyzes both integration and excision reactions in vitro. To test the integration activity of Int SSV2 , we designed two att fragments of different sizes, i.e., a 968-bp attA-containing fragment (A968) and a 730-bp attP-containing fragment (P730) (Fig.  1A) . Integration would result in the production of a 943-bp attR fragment (R943) and a 755-bp attL fragment (L755). The top strand of A968 was labeled at the 5= end so that only L755 would be labeled. The excision activity of Int SSV2 was determined in the same fashion, except that R943, labeled at the 5= end of the top 
GATGATGGTAAGCAAAGG a Forward and reverse primers are indicated by f and r, respectively, in parentheses. b Restriction sites are underlined. The 7-bp overlap region of an att site is shown in boldface type. c The sequences of short attA and attP fragments of various lengths are shown in Fig. 3 .
strand, and L755, instead of A968 and P730, were used as the substrates (Fig. 1A) . Recombinant Int SSV2 protein was purified to near homogeneity (Fig. 1B) . As shown in Fig. 1C , Int SSV2 alone was able to catalyze both integration and excision reactions. In contrast, bacteriophage integrase requires different sets of accessory proteins for the integration and excision reactions.
We then examined the effects of temperature, pH, and salt concentrations on the integration activity of Int SSV2 . Int SSV2 was significantly active in integration only at temperatures of Ն55°C (Fig. 1D) and optimally active at 65°C. Integration catalyzed by the integrase was highly sensitive to pH, and significant integrase activity was found only in a narrow pH range of 5.8 to 6.7, with pH 6.2 being optimum (Fig. 1D) . The integrase activity of Int SSV2 increased with increasing NaCl concentrations at moderate levels but was drastically inhibited at concentrations of Ն300 mM NaCl (Fig. 1D) . Similar temperature, pH, and salt dependences were observed with the excision activity of Int SSV2 , but the enzyme appeared to be more sensitive to salt in the excision reaction than in the integration reaction (Fig. 1E) . We conclude that Int SSV2 catalyzes both types of recombination optimally at slightly acidic pH (i.e., pH 6.2), high temperatures (i.e., ϳ65°C), and moderate salt concentrations (i.e., 100 to 150 mM NaCl).
We also prepared att fragments for Int SSV1 and performed the integration and excision assays on the enzyme in a similar manner. However, Int SSV1 was inactive in those assays (our unpublished results). Given the similarity between the two viruses, the discrepancy observed with the two enzymes is somewhat surprising. However, the biochemical differences between Int SSV2 and Int SSV1 appear to be consistent with the observation that the two enzymes are clearly separated phylogenetically (Fig. 2) . Clarification of the differences between these two enzymes in biochemical properties awaits further investigation. Substrate requirement of Int SSV2 for integration. The SSV2 genome is capable of integrating into the S. solfataricus P2 genome at the site of the tRNA Gly (CCC) gene (23) . The attP and attA 
FIG 2 Phylogenetic tree of the SSV-type integrases. A sequence search in
GenBank with the amino acid sequence of Int SSV2 as a query was performed by using the BLASTp algorithm. The retrieved sequences were aligned by using ClustalW, a phylogenetic tree was reconstructed by using the neighbor-joining method implemented in the MEGA software package (version 6.06), and the TPV1 integrase was used as the outgroup. Numbers at nodes represent percentages of bootstrap support based on a neighbor-joining analysis of 1,000 resampled data sets (only values of Ͼ50% are shown). Evolutionary distances were calculated by using Kimura's two-parameter model. attachment sites share a 49-bp common sequence (i.e., common 49), which is comprised of a 7-bp overlap region, where strand exchange occurs, and portions of the left and right arms of the attA or attP site (Fig. 3) . A pair of 10-bp imperfect sequence repeats flanks the 7-bp-overlap region. These repeats, which are probably recognized and bound by Int SSV2 , and the overlap region form a 27-bp core-type site. As found in the SSV1 genome, the 49-bp common sequence comprises the downstream half of the integrated tRNA Gly (CCC) gene, and the 7-bp overlap region corresponds perfectly to the anticodon loop of the target tRNA gene. The minimum sequence requirement for the integration of a fuselloviral genome has not been experimentally determined. Some researchers have suggested that the 44-bp common sequence is essential for viral integration (8) , while others believe that the core-type site is minimally required for integration in SSV1 (18) .
In this study, we tested a range of attachment site-containing substrates in our SSV2 integration assays. First, we determined the dependence of the integration activity of Int SSV2 on the length of the attA-containing substrate by employing radiolabeled P730 and a series of unlabeled attA fragments of different sizes in the integration reactions (Fig. 3A, top) . As shown in Fig. 3A , bottom, significant integration was observed when the unlabeled attA fragment was shortened from 968 bp (A968) to 58 bp (A58). The efficiency of recombination was lower on A968 than on A223 or A58, presumably because the longer fragment allowed more sequence-nonspecific binding by the integrase and thus reduced the availability of the enzyme for the site of recombination. Further tests were then carried out with progressively shortened deriva- tives of A58 (Fig. 3A) . As the left arm of A58 was shortened from 15 to 6 bp, the integration activity of the enzyme decreased gradually. However, even with the 6-bp left arm left, or when A58 was converted into a fragment of common 49, approximately onethird of the recombination activity observed with A58 remained. Similarly, when the right arm of A58 was reduced from 36 to 15 bp, the efficiency of recombination between the labeled attP fragment and the A58 derivative decreased successively from 24.8% to 6.1%. Importantly, however, integration with A27, or the coretype site, was barely detectable (0.7%). Based on these results, we conclude that Int SSV2 was able to catalyze significant integration on attA fragments shorter than common 49 but longer than the core-type site, and the efficiency of recombination closely depended on the lengths of both the left and right arms of the attA fragment, at least up to those in A58.
We then determined the influence of the size of an attP-containing fragment on the integration activity of Int SSV2 in a similar fashion by using labeled A968 and a series of unlabeled attP fragments of various lengths in the reactions (Fig. 3B, top) . As shown in Fig. 3B , among the tested attP fragments, maximum recombination was observed on P209 and P58. The longer attP fragments (i.e., P730 and P324) were less efficient in the integration reactions, as found with recombination on A968. The efficiency of recombination on the fragment of common 49 was reduced to one-third of that on P58. Little integration was detected on P27, the core-type site.
However, Int SSV2 showed similar integration activities on P58 and P27polyT, a 58-bp DNA fragment which resembles P58 except for the replacement of the sequences flanking the core-type site with two strings of A·T pairs (Fig. 3B) . This observation suggests that P27 contains the sequence information necessary for integration by Int SSV2 and that the DNA stretches flanking the core-type site affect the efficiency of integration in a sequencenonspecific manner. It has been shown that an 18-bp core regioncontaining fragment, which corresponds to the anticodon stemloop of the tRNA Arg gene, was protected by Int SSV1 in a footprinting experiment (16) . Therefore, we tested the recombination efficiency of P18polyT, a 58-bp fragment containing a region equivalent to the 18-bp region in SSV1 and flanking A·T regions, in the integration assays (Fig. 3B, top) . As shown in Fig.  3B , bottom, the efficiency of recombination on P18polyT was about one-quarter of that on P58, indicating that further shortening of the core-type site would result in a significant loss of integration by Int SSV2 . We also examined the ability of Int SSV2 to recombine two attA fragments. As shown in Fig. 3B , bottom, the efficiencies of recombination between labeled A968 and unlabeled A58, A27polyT, and A27 were highly similar to those between labeled A968 and unlabeled P58, P27polyT, and P27, respectively. Therefore, Int SSV2 is capable of catalyzing recombination between two att fragments, and the sequence shared by the attA and attP core-type sites is likely involved in sequence-specific interactions with the integrase. Taken together, these data indicate that the core-type sequences at attA and attP are required for efficient integration catalyzed by Int SSV2 . Oligomerization of Int SSV2 . Since the formation of a synaptic complex during recombination catalyzed by a tyrosine recombinase depends on the protein-protein interaction between protomers of the enzyme, we sought to examine the ability of Int SSV2 to form an oligomer. As shown in Fig. 4 , purified wild-type Int , an N-terminal SSV1_ORF_D-335 superfamily domain, which is shared by all SSV-type integrases, and a C-terminal catalytic domain belonging to the DNA breaking-rejoining enzyme superfamily, which includes tyrosine recombinases/type IB topoisomerases (Fig. 4A) . The N-terminal domain terminates at the sequence corresponding to the attP site (Fig. 4A) , and its function is unclear. The Cterminal domain accounts for about one-half of the size of the integrase and resembles the C-terminal catalytic domain of type IB topoisomerases in structure. Based on the above-described analysis, we constructed two sets of deletion mutants of Int SSV2 (Fig. 4B) . One set of mutant proteins includes N80 (amino acid residues 1 to 80), which contains the SSV1_ORF_D-335 superfamily domain, and C81 (residues 81 to 328). The other set consists of C165 (residues 165 to 328), which has the catalytic domain, and N164 (residues 1 to 164), which correspond to the deletion mutant proteins C174 and N173, respectively, of Int SSV1 (20) . All of the mutant proteins were purified to homogeneity (Fig. 4B ). To determine their oligomeric states, these truncated mutant proteins were subjected to gel filtration. Each of the four mutant proteins eluted as a single peak (Fig. 4C) . N80, C81, N164, and C165 displayed apparent molecular masses of 24.6, 38.0, 68.6, and 19.0 kDa, respectively. Based on the theoretical molecular masses of 9.1, 29.3, 19.0, and 19.4 kDa for N80, C81, N164, and C165, respectively, we inferred that N164 existed as a tetramer and that C81 and C165 existed as monomers in solution. N80 was likely present as a nonglobular tetramer since it came off the column slightly later than expected for an N80 tetramer. It appears, therefore, that Int SSV2 protomers form a tetramer in solution through interactions in the N-terminal SSV1_ORF_D-335 superfamily domain. When an equal molar mixture of N80 and C81 was applied to the gel filtration column, two separate peaks typical of the two individual proteins were observed. The same observation was made with a mixture of N164 and C165. Therefore, no stable interaction between N80 and C81 or between N164 and C165 was detected.
Substrate binding and catalytic activities of the truncated mutants of Int SSV2 . To understand the roles of the structural domains or portions of Int SSV2 in substrate binding by the protein, we conducted electrophoretic mobility shift assays on the full-length and truncated versions of the protein using labeled A58 as the probe. C81, N164, and C165 bound as well as wildtype Int SSV2 to DNA, with similar affinities (K D [equilibrium dissociation constant] of 10 to 50 n⌴), as estimated based on the amount of the protein required to retard one-half of the labeled probe (Fig. 5 ). It appears that the binding affinity of Int SSV2 is similar to that of Int SSV1 under the same experimental conditions (20) . Notably, N80 failed to bind to the DNA. Different binding patterns were generated by the full-length protein and the three truncated proteins (C81, N164, and C165). The full-length protein produced two major retardation bands. C81 generated four shifts, whereas N164 and C165 formed three shifts of distinctly different patterns. From the retardation patterns (including spacing between adjacent shifts), molecular masses, and gel filtration profiles of these proteins, we infer that both the full-length protein and N164 bound the DNA as dimers, whereas C81 and C165 interacted with the DNA as monomers. The observations that the full-length protein and N164 existed as a tetramer in gel filtration assays and bound the DNA as a dimer in gel retardation assays presumably indicate that the proteins were present as dimers at low concentrations (e.g., 0.025 M in EMSAs) and as tetramers at high concentrations (e.g., ϳ3.3 to 6.6 M in gel filtration assays, considering a 5-to 10-fold dilution effect). The addition of both N80 and C81 to the binding reaction mixture did not restore the binding pattern of the full-length protein and, instead, produced a pattern identical to that generated by C81 alone, in agreement with the failure of N80 to bind the DNA. Similarly, a mixture of N164 and C165 did not produce a gel retardation pattern typical of that of the full-length protein.
The two truncated proteins appeared to bind the DNA independently.
To examine the contribution of various portions of Int
SSV2
to the sequence specificity of binding of the protein to DNA, we performed competitive binding assays. Binding of the fulllength and truncated proteins to labeled A58 in the presence of increasing amounts of unlabeled A58 or poly(dI-dC) 2 was analyzed (Fig. 6 ). Int SSV2 , C81, and N164 showed significant binding specificity, but C165 did not. In addition, Int SSV2 and N164 had similar sequence-specific binding affinities, and both proteins showed stronger sequence-specific binding than did C81. The addition of N80 did not affect the sequence-specific binding of C81 to the DNA. Intriguingly, comparison of the gel retardation patterns obtained in the presence and in the absence of the unlabeled competitors reveals that, as in the case of the full-length protein, binding of C81 and N164 to labeled A58 formed two stable complexes, since only two shifts were resistant to competition from an excess amount of unlabeled poly(dI-dC) 2 (Fig. 5 and 6 ). This is consistent with the prediction that each of the two 10-bp imperfect repeats flanking the 7-bp overlap region in the labeled probe is capable of being Wild-type or truncated Int SSV2 was incubated for 10 min at 23°C with 32 Plabeled A58 DNA (2 nM). The samples were subjected to electrophoresis in a 5% polyacrylamide gel. The gel was exposed to X-ray film. Lanes 1 to 7 indicate proteins at concentrations of 0, 12.5, 25, 50, 100, 200, and 400 nM, respectively. N80 ϩ C81 and N164 ϩ C165 indicate N80 and N164 mixed with C81 and C165, respectively, at a molar ratio of 1. bound by a single Int SSV2 molecule. Based on these results, we conclude that the sequence specificity of substrate binding by Int SSV2 is determined by the N-terminal half, most likely residues 81 to 164 (i.e., a region shared by C81 and N164), of the protein.
We also examined the catalytic activities of the truncated mutants of Int SSV2 . First, we tested the cleavage/religation or topoisomerase activity of the full-length and deletion mutant proteins by using negatively supercoiled plasmid pBR322. As shown in Fig. 7 , C81 was nearly as active as the full-length protein in relaxing the negatively supercoiled plasmid. The activity of C81 was not enhanced in the presence of N80. C165 showed lower topoisomerase activity than that of either the full-length enzyme or C81. Unexpectedly, the topoisomerase activity of C165 was further reduced in the presence of N164, probably as a result of the competition of N164 for binding to the plasmid DNA. Neither N80 nor N164 was active in the topoisomerase activity assays. These observations were consis- SSV2 (300 nM) was incubated for 10 min at 23°C with 32 P-labeled A58 (2 nM) and increasing amounts (0, 3, 7.5, 15, 30, 75, and 150 ng) of unlabeled A58 or poly(dI-dC) 2 in the presence of 150 mM NaCl. The samples were subjected to electrophoresis in a 5% polyacrylamide gel. The gel was exposed to X-ray film. N80 ϩ C81 and N164 ϩ C165 indicate N80 and N164 mixed with C81 and C165, respectively, at a molar ratio of 1. tent with the presence of all six conserved residues (R203, R234, K271, R274, R297, and Y307) required for cleavage and religation in the structural domain contained in C165.
Next, we determined both the integration and excision activities of the truncated mutant proteins of Int SSV2 , as described above. Among the four deletion mutant proteins, only C81 was active in integration as well as excision, although both activities were lower than those of the full-length protein (Fig. 8) . Like the full-length protein, C81 appeared to be less efficient in excision than in integration. None of the other mutant proteins was active in either integration or excision. The integration, but not the excision, activity of C81 was inhibited by N80. Our results suggest that N-terminally truncated Int SSV2 (amino acid residues 81 to 328) contains all the necessary sequence elements required for the recombination reaction. N80 probably affected the integration activity of C81 through transient or unstable protein-protein interactions, since no stable interaction between the two proteins was detected.
DISCUSSION
There are both simple and complex systems for site-specific recombination catalyzed by tyrosine recombinases. In simple systems, such as those involving Cre and Flp, recombination occurs at a specific site with a simple composition and limited size (i.e., ϳ30 bp) and is catalyzed by recombinase alone (1, 4) . On the other hand, in a complex system, exemplified by that of integrase, accessory proteins, in addition to recombinase, are required for the recombination reaction, and the site of recombination is long (e.g., ϳ250 bp for the attP site) and complex to accommodate binding by the accessory proteins (1, 4) . Furthermore, accessory proteins involved in integration and excision reactions are not identical. SSV-type integrases are the only archaeal tyrosine recombinases that have been extensively characterized biochemically. Int SSV1 , the prototype of SSV-type integrases, was shown to catalyze both integration and excision reactions, and no additional accessory proteins were apparently required for the excision reaction, compared to those for the integration reaction, in early biochemical studies (8, 16) . Like other laboratories, we failed to establish in vitro recombination assays for Int SSV1 (17, 18 ; our unpublished results). However, we were able to set up an in vitro Int SSV2 assay that permitted the biochemical analysis of the recombination activity of SSV-type integrases in this study.
Int SSV2 was capable of efficient integration and excision on its own. Since no additional accessory proteins were required for the reactions, recombination catalyzed by the enzyme was readily reversible. This is consistent with the presence of an apparent dynamic equilibrium between the free and the integrated forms of SSV2 DNA in Sulfolobus host cells infected with SSV2 (23) . It was also noticed that integration was slightly favored over excision in vitro. However, the underlying mechanism for this is unknown. Obviously, our results do not exclude the possibility that the balance between the integration and excision activities of Int SSV2 is 32 P-labeled A968 (6 nM) and unlabeled P730 (60 nM). The samples were treated with proteinase K and SDS and subjected to electrophoresis in a 3.5% polyacrylamide gel. The gel was exposed to X-ray film. (B) Excision activity analysis. Wild-type or truncated Int SSV2 (16 M) was incubated for 4 h at 65°C with 32 P-labeled R943 (6 nM) and unlabeled L755 (60 nM). The samples were processed as described above for panel A. N80 ϩ C81 and N164 ϩ C165 indicate N80 and N164 mixed with C81 and C165, respectively, at a molar ratio of 1. For lane C, Int SSV2 was omitted. The labeled products are indicated by arrows.
regulated by host-and/or virus-encoded proteins in the cell. Notably, Int SSV2 was able to catalyze recombination on short attA and attP substrates. A 27-bp core-type sequence, comprising a 7-bpoverlap region flanked with 10-bp imperfect inverted repeats, satisfied the requirement of the integrase for the sequence-specific recognition of the site of recombination. However, the efficiency of integration was drastically influenced by sequences flanking the core-type site in a sequence-nonspecific fashion. The ability of Int SSV2 to catalyze both integration and excision by itself and the characteristics of the site of recombination for the enzyme suggest that SSV-type integrases function in a simple type of site-specific recombination. Recently, a similar observation was made for XerA, a tyrosine recombinase involved in chromosome resolution, from Pyrococcus abyssi (24, 25) . The protein was shown to be able to recombine dif sites in vitro in the absence of any protein partners.
Deletion analyses revealed that the N-terminal portion (residues 1 to 80) of Int SSV2 (N80), which corresponds to the N-terminal SSV1_ORF_D-335 superfamily domain of SSV-type integrases, did not bind DNA and was involved in the tetramerization of the integrase. The C-terminal catalytic domain (C165; residues 165 to 328) interacted with DNA in a sequence-nonspecific fashion and was responsible for chemical catalysis during the cleavage and religation steps of the recombination reaction. The remaining middle portion of the protein (residues 81 to 164) appeared to be involved in the recognition and binding of the specific site of recombination.
Int SSV2 resembles Int SSV1 in sequence and properties (21) . However, the two enzymes differ in several aspects. Full-length Int SSV2 exists as a stable tetramer, whereas Int SSV1 is present as a dimer in solution. The former exhibited greater sequence specificity than the latter in DNA binding (20) . Furthermore, Int SSV2 recognizes and binds the binding site primarily through the middle portion of the protein (residues 81 to 164), which corresponds to the C-terminal half of the N173 domain of Int SSV1 . In comparison, the binding specificity of Int SSV1 was conferred by neither its N-terminal domain (N173) nor its C-terminal catalytic domain (C174) alone and depended strongly on the covalent linkage between the two domains (20) . Elucidation of these differences between the two SSV-type integrases will help us understand the mechanisms of site-specific recombination by archaeal tyrosine recombinases.
Interestingly, C81, an N-terminally truncated mutant of Int SSV2 (residues 81 to 328), was unable to form tetramers but possessed all the catalytic properties of full-length Int SSV2 except for the slightly reduced recombination activity. Since attP is located in the Int SSV2 gene at the junction between the sequences encoding N80 and C81, integration of SSV2 DNA into the host genome would lead to a separation of the integrase gene into two parts, i.e., int(N) and int(C) (23) . Sequence analysis suggests that int(C) could potentially be expressed, and the resulting protein would be slightly larger than C81. However, we were unable to detect the presence of the int(C) product in S. solfataricus cells infected with SSV2 under our experimental conditions by immunoblotting (data not shown). Therefore, it will be of interest to investigate if int(C) would be induced under certain growth conditions and how the product of int(C) would function in SSV2-infected cells.
